The Λc (2940) + baryon with quantum numbers
I. INTRODUCTION
The new meson states of the X, Y and Z families, which are strongly coupled to cc quark pairs, were dominantly detected in B meson decays. At the same time, in the analysis of Υ(4S) decay channels two new charmed baryons (C = +1) denoted Λ c (2940) + and Σ c (2800) were discovered. The first one of these resonances was observed by the BABAR Collaboration [1] and later confirmed by Belle [2] as a resonant structure in the final state Σ c (2455) 0,++ π ± → Λ + c π + π − based on a 553 fb −1 data sample collected at or near the Υ(4S) resonance at the KEKB collider. Both collaborations deduce values for mass and width with m Λc = 2939.8 ± 1.3 ± 1.0 MeV, Γ Λc = 17.5 ± 5.2 ± 5.9 MeV (BABAR [1] ) and m Λc = 2938.0 ± 1.3 +2.0 −4.0 MeV, Γ Λc = 13
+8 +27
−5 −7 MeV (Belle [2] ) which are consistent with each other. Concerning the Λ c (2940) + some theoretical interpretations for this new charmed baryon resonance were already discussed in the literature. For example, in Ref. [3] the Λ c (2940)
+ was regarded as a D * 0 p molecular state with its spin-parity being
− . This is due to the fact that the Λ c (2940) + mass is just a few MeV below the D * 0 p threshold value. It was shown that the boson-exchange mechanism, involving the π, ω and ρ mesons, can provide binding in such D * 0 p configurations. But in a first variant of a unitary meson-baryon coupled channel model [4] the Λ c (2940)
+ cannot be identified with a dynamically generated resonance. In a relativized quark model [5] a charmed baryon state with J P = + was shown to be favored. Related studies concerning a conventional three-quark interpretation of the Λ c (2940) + baryon can also be found in Refs. [7] [8] [9] [10] [11] [12] [13] [14] .
We also recently considered the Λ c (2940) + as a possible molecular state composed of a nucleon and a D * meson as based on the so-called compositeness condition [15] . Its strong partial decay widths for the decay channel pD 0 as well as Σ + is preferred in the molecular interpretation.
The technique for describing and treating composite hadron systems has been developed in Refs. [15] [16] [17] , where the recently observed unusual hadron states (like D *
+ , Σ c (2800)) are analyzed as hadronic molecules. The composite structure of these possible molecular states is set up by the compositeness condition Z = 0 [18] [19] [20] [21] (see also Refs. [15] [16] [17] ). This condition implies that the renormalization constant of the hadron wave function is set equal to zero or that the hadron exists as a bound state of its constituents. The compositeness condition was originally applied to the study of the deuteron as a bound state of proton and neutron [18, 21] . Then it was extensively used in low-energy hadron phenomenology as the master equation for the treatment of mesons and baryons as bound states of light and heavy constituent quarks (see e.g. Refs. [19, 20] ). By constructing a phenomenological Lagrangian including the couplings of the bound state to its constituents and the constituents to other final state particles we evaluated meson-loop diagrams which describe the different decay modes of the molecular states (see details in [16, 17] ).
Here we continue our study of the Λ c (2940) + properties considering its radiative decay Λ c (2940) + → Λ c (2286) + + γ in the hadronic molecule approach developed in our recent paper [15] . In particular, electromagnetic transitions are often useful for probing the internal structure of hadrons [16, 17, 20, 22] . Based on this previous study we choose the prefered J P = 1 2 + assignment. As for the radiative decays of single charmed baryons in general in future one can also expect a measurement on the possible radiative decay of the Λ c (2940) + baryon. Upcoming experimental facilities like a Super B factory at KEK or LHCb might provide first data in this direction. Presently data are available on radiative decays of similar hadronic compounds in the meson sector like D s0 (2317) and D s1 (2460) which are supposed to be molecular states composed of a heavy and a light meson -DK and D * K bound state. In the present paper we proceed as follows. In Sec. II we briefly discuss the basic notions of our approach. We discuss the effective Lagrangian for the treatment of the Λ c (2940) + baryon as a superposition of the pD * 0 and nD * + molecular components. Moreover, we consider the radiative decay Λ c (2940) + → Λ c (2286) + + γ in this section. In Sec. III we present our numerical results and, finally, in Sec. IV a short summary.
II. APPROACH
In this section we briefly discuss the formalism for the study of the Λ c (2940) + baryon. Here we adopt spin and parity quantum numbers for the Λ c (2940)
+ , where consistency with the observed strong decay width of the Λ c (2940) + was achieved in a hadronic molecule interpretation [15] . Following Ref. [3] we consider this state as a superposition of the molecular pD * 0 and nD * + components with the adjustable mixing angle θ:
The values sin θ = 1/ √ 2, sin θ = 0 or sin θ = 1 correspond to the cases of ideal mixing, of a vanishing nD * + or pD * 0 component, respectively. Since the observed mass value of the Λ c (2940) + with m D * 0 + m p − m Λc(2940) + = 5.94 MeV and m D * + + m n − m Λc(2940) + = 10.54 MeV lies closer to the pD * 0 than to the nD * + threshold, we might expect that the |pD * 0 configuration is the leading component. Therefore, the mixing angle θ should be relatively small and we will vary its value from 0 0 to 25 0 . Our approach is based on an effective interaction Lagrangian describing the coupling of the Λ c (2940) + to its constituents. We propose a setup for the Λ c (2940) + in analogy to mesons consisting of a heavy quark and light antiquark, i.e. the heavy D * meson defines the center of mass of the Λ c (2940) + while the light nucleon surrounds the D * . The distribution of the nucleon relative to the D * meson is described by the correlation function Φ(y 2 ) depending on the Jacobi coordinate y. The simplest form of such a Lagrangian reads
where g + Λc and g 0 Λc are the coupling constants of Λ c (2940) + to the molecular nD * + and pD * 0 components. Here we explicitly include isospin breaking effects by taking into account the neutron-proton and the D + −D 0 mass differences. Note that in our previous analysis [15] of the strong Λ c (2940) + decays we restricted to the isospin symmetric limit. A basic requirement for the choice of an explicit form of the correlation function Φ(y 2 ) is that its Fourier transform vanishes sufficiently fast in the ultraviolet region of Euclidean space to render the Feynman diagrams ultraviolet finite. We adopt a Gaussian form for the correlation function. The Fourier transform of this vertex is given bỹ
where p E is the Euclidean Jacobi momentum. Here, Λ is a size parameter characterizing the distribution of the nucleon in the Λ c (2940) + baryon, which is a free model parameter regularizing the ultraviolet divergences of the Feynman diagrams. From the analysis of the strong decays of the Λ c (2940) + baryon we found that Λ ∼ 1 GeV [15] . We might also expect that the Λ c (2940)
+ is a quite compact molecular state which, for example, is bound by exchange of a relatively massive hadron e.g. the scalar f 0 (600). Note that similar scale parameters were also obtained in the analysis of strong and radiative decay data of possible heavy-light hadronic molecules D s0 (2317) = (DK) and D s1 (2460) = (D * K) [16] . In the present analysis of the radiative decay of the Λ c (2940) + we vary the size parameter Λ in a wide range around this central value.
In the kinematics we first restrict to the heavy quark limit (HQL) m D * → ∞ supposing that the D * meson is located in the c.m. of the Λ c (2940) + . It is known that in the charm sector the HQL is not always a good approximation due to possible, sizable power corrections (in our case m N /m D * ). In the numerical analysis we will estimate how large these corrections are.
The coupling constants g + Λc and g 0 Λc are the are determined by the compositeness condition [15, 16, [18] [19] [20] . It implies that the renormalization constant of the hadron wave function is set equal to zero with:
Here, Σ ′ Λc (m Λc ) is the derivative of the Λ c (2940) + mass operator shown in Fig.1 and given by the expression:
where Π pD * 0 (p) and Π nD * + (p) are the loop integrals corresponding to the pD * 0 and nD * + components, respectively. Therefore, the coupling constant g + and Λ c (2286) + . Note, for a real photon the pole diagrams vanish due to gauge invariance.
The phenomenological Lagrangian responsible for the full set of diagrams in Fig.2 contains the coupling of Λ c (2940) + to its constituents (as already expressed in Eq. (2)) and the strong or electromagnetic interaction Lagrangians involving these constituents coupled to other fields in the loop or in the final state. These relevant interaction vertices will be defined and discussed in the following. The electromagnetic part of the Lagrangian includes the following terms: 1) N N γ interaction which includes both minimal and nonminimal couplings
2) Λ c Λ c γ and Λ 
3) D * D * γ interaction is derived via minimal substitution in the free Lagrangian for charged D * ± mesons
4) D * Dγ interaction, which contains the nonminimal coupling g D * Dγ defining the decay rate Γ(D * → Dγ) (see e.g. discussion in Ref. [17] )
which is generated when gauging the nonlocal Lagrangian L Λc . In particular, to restore electromagnetic gauge invariance in L Λc , the proton field should be multiplied by the gauge field exponential (see further details in Refs. [20, 21] ):
p(x + y) → e ieI(x,x+y,P ) p(x + y) , I(x, x + y, P ) =
For the derivative of I(x, x + y, P ) we use the path-independent prescription suggested in Ref. [23] which in turn states that the derivative of I(x, x + y, P ) does not depend on the path P originally used in the definition. The non-minimal substitution is therefore completely equivalent to the minimal prescription. Expanding the exponential term of e ieI(x,x+y,P ) in powers of the electromagnetic field and keeping the linear one, we derive the Lagrangian (10) and therefore generate the vertex contained in the diagram of Fig.2(d) .
In the preceding expressions we introduced several notations. Q N and k N are the nucleon charge and anomalous magnetic moments:
α are the stress tensors of the electromagnetic field and D * , respectively. The coupling constant g D * Dγ is fixed by data (central values) on the radiative decay widths Γ(D * → Dγ) [24] :
The relevant strong interaction Lagrangian contains two types of couplings -
and
The couplings g N D * Λ ′ c and g N DΛ ′ c can be deduced from the phenomenological flavor-SU(4) Lagrangian [15, 25] with
expressed in terms of the πN N and ρN N couplings with values
For the calculation of the electromagnetic transition amplitude between the two spin- 
where the vertex function Γ µ (p, p ′ ) is decomposed in terms of three relativistic form factors F 1,2,3 (q 2 ) with the structure
Here u Λ ′ c (p ′ ) and u Λc (p) are the spinors of daughter and parent baryons, respectively. Due to gauge invariance with q µ M µ (p, p ′ ) = 0 the form factors F 1 (q 2 ) and F 3 (q 2 ) are related as
Therefore, in the limiting case of a real photon (q 2 = 0) the invariant matrix element of the Λ c (2940) + → Λ c (2286) + +γ transition is expressed in terms of the spin-flip form factor only with
The coefficient
is the effective coupling of Λ c (2940) + Λ c (2286) + γ, deduced from the set of graphs of Fig. 2 , determined in our approach. This effective coupling contains the loop integrals which are evaluated using the calculational techniques developed and explicitly shown in Refs. [15] - [17] . Once this effective coupling is determined the final expression for the decay width is given by
where
is the three-momentum of the decay products in the rest frame of the initial Λ c (2940) + baryon.
III. NUMERICAL RESULTS
For our numerical calculations the input masses of D * 0 , D * + , p, n, Λ c (2940) + and Λ c (2286) + are taken from the compilation of the Particle Data Group [24] . The only free parameter in our calculation is the dimensional parameter Λ. As already stated, this parameter describes the distribution of the nucleon around the D * which is located in the center-of-mass of the Λ c (2940)
+ . Here we select Λ ∼ 1 GeV, a value which is close to the scale set by the nucleon mass as usually taken in hadronic interactions [26] . In the calculation we consider a variation of this value from 0.25 to 1.25 GeV.
In Table I we first show the dependence of the calculated couplings g 0 Λc and g + Λc on this free parameter Λ, which are fixed using the compositeness condition [see Eqs. (4) and (5) 0 . Our results are rather sensitive to a variation of the scale parameter Λ. This should be obvious since the ultraviolet divergence of the diagrams is regularized by the cutoff Λ. Again at relatively small values of Λ the predictions for the decay parameters are very small. The results also possess a pronounced sensitivity on a variation of the mixing parameter θ. An increase of θ leads to a suppression of the effective coupling and hence the decay width. The range of the estimated decay width is rather wide and varies from several to hundred keV. This is mainly due to the nontrivial cancellation between diagrams involving the |pD * 0 and the |nD * + components in the loops. For illustration of this behavior in Table 4 we present the contributions of the different diagrams to the effective coupling at values of Λ = 1 GeV and θ = 10 0 . All contributions involving the |nD * + component are destructive in comparison to the leading contribution giving by the |pD * 0 component in the diagram of Fig.2(a) . This leads to a suppression of the effective coupling and the width when the fraction of the |nD * + component (or the value of the mixing angle θ) is increased. Our final comment concerns an estimate of power corrections to the decay rate due to the shift of the position of the D * from the Λ c (2940) + c.m. These corrections depend on the scale parameter Λ. We found that for Λ = 1 GeV these corrections are up to 10% depending on the mixing angle θ. Varying Λ from 1 GeV to 0.25 GeV these corrections increase up to 30%, while they are reduced when Λ increases. For completeness we present the results including power corrections for the specific values of the model parameters Λ = 1 GeV and θ = 10 0 . They are given in Table 4 in brackets.
IV. SUMMARY
To summarize, we pursue a hadronic molecule interpretation of the recently observed charmed baryon Λ c (2940) + studying its consequences for the radiative decay mode Λ c (2286) + γ for spin-parity
+ . In the present scenario the Λ c (2940) + baryon is described by a superposition of |pD * 0 and |nD * + components with the explicit admixture expressed by the mixing angle θ. Our numerical results for the radiative decay widths show that the contribution of diagram Fig.2(a) gives the leading contribution while those of Figs. 2(b), 2(c) and 2(d) are subleading but nonnegligible. The diagrams of Fig.2 (e) and 2(f) vanish for real photons and, therefore, do not contribute to the process Γ(Λ c (2940) + → Λ c (2286) + +γ). The calculated radiative decay widths display a sizable sensitivity to the mixing angle θ and to the scale parameter Λ. Especially the cancellation between the contributions of the diagrams Figs.2(a)-2(d) results in a rather pronounced θ-dependence. This effect can provide a stringent constraint on the role of the two molecular components pD * 0 and nD * + in the Λ c (2940) + resonance. Possible future measurements of the radiative decay width can provide further insights into the structure of the Λ c (2940) + state. New facilities like the Super B factory at KEK or LHCb might have the capability to reach the sensitivity to detect radiative decays of charmed baryons in the keV regime. 
